Using an ultracold gas of atoms, we have realized a quasi-two-dimensional Fermi system with widely tunable s-wave interactions nearly in a ground state. Pressure and density are measured. The experiment covers physically different regimes: weakly-and strongly-attractive Fermi gases and a Bose gas of tightly-bound pairs of fermions. In the Fermi regime of weak interactions, the pressure is systematically above a Fermi-liquid-theory prediction probably due to mesoscopic effects. In the opposite Bose regime, the pressure agrees with a mean-filed theory of point-like bosons in an unexpectedly wide range. Reported measurements, especially in the challenging strongly-interacting regime, may serve for sensitive testing of theoretical methods applicable across different quantum physics disciplines.
2D many-body quantum systems show interesting physics and are technologically important. In 2D the phenomena of superfluidity and Bose condensation become clearly separated [1] . High-temperature superconductivity is attributed to 2D structure of the materials [2] . Semiconductor and oxide interfaces containing 2D electron gas are important for modern and prospective electronics [3, 4] .
We realize and study a general problem of quantum physics in reduced dimensions: quasi-2D Fermi gas with widely tunable s-wave interactions nearly in a ground state. An ultracold gas of fermionic atoms is used in experiment. Both in 3D and 2D, by gradually increasing pairwise interaction one may smoothly convert a gas of fermions into a gas of nearly point-like bosons, which are tightly bound pairs of the original fermions. The innumerable set of states corresponding to the respective values of the interaction is referred to as the "BCS-BEC crossover" [5] because the states on the fermionic asymptote are described within the Bardeen-Cooper-Schrieffer (BCS) theory of superfluidity/superconductivity while on the other asymptote, the bosons form a Bose-Einstein condensate (BEC), at least in a 3D system. Generally, the BCS-BEC crossover has been predicted for excitons in solids [6] and for quarks [7] , however, the only system, where the collective state has been experimentally tuned between the Fermi and Bose asymptotes is a 3D gas of ultracold fermionic atoms [8] .
The reduction of spatial dimensionality from 3D to 2D changes the BCS-BEC crossover problem significantly. The difference is seen in the case of s-wave interactions considered here. From the perspective of two-body interactions, dimensionality two means that any purely attractive potential has a bound state. As a consequence, unlike in 3D, the necessary and sufficient condition of pairing in a zero-temperature many-body system is the existence of a two-body bound state in vacuum [9] . In regards to many-body properties, long-wavelength thermal fluctuations prohibit formation of a BEC in a uniform system [10] . Also mean-field description of many-body properties is limited. In 3D a mean-field approach qualitatively correctly models the BCS-BEC crossover (Fig. 5 of [5] ), while in 2D similar model is qualitatively incorrect predicting interaction-independent equation of state at zero temperature [11] . The regime of strong s-wave interactions, which lies between the BCS and bosonic asymptotes, may be relevant to high-temperature superconductors. While the symmetry of the superconducting phase in the cuprates is d -wave [2] , the s-wave symmetry has recently been detected in the pseudogap phase [12] . 2D Fermi gas of atoms has been previously prepared by tightly confining the motion along one direction [13] . The state of tunable quasi-2D and 2D gases have been studied by means of radio-frequency spectroscopy [14] [15] [16] [17] , measurement of the trapped cloud size [18] and observing mechanical vibrations [19] . Experiments [14, 15] have shown that reduced dimensionality makes pairing of atoms more favorable. In [14] , single-particle excitations of a strongly-interacting Fermi system have been interpreted in terms of a mean-field theory. Alternatively, in [16] the excitations are inconsistent with the mean-field interpretation and are described as a gas of non-interacting polarons. Quantitative interpretation of these and other finite-temperature studies of the Bose and strongly-interacting regime is complicated because in 2D quantitative thermometry has only been available for weakly interacting Fermi gas [13, 14] .
By preparing the system nearly in the ground state, we circumvent the thermometry limits. Also we monitor the parameters which are intrinsically sensitive to effects beyond the mean-field model [9] : the 2D pressure per spin state P 2 and the respective numerical surface density n 2 . In particular as the system becomes more bosonic, the pressure drops contrary to the mean-field expectations. Our measurements are also complimentary to studies of interacting 2D Bose gases [20] extending to stronger interactions.
In our experiment, lithium-6 atoms are equally populating two hyperfine spin states |1 and |2 with the lowest internal energy. Kinematic dimensionality is reduced to two by means of trapping in a pancake-shaped potential V , which is nearly harmonic
2 )m/2 and tight along z: ω z /ω ⊥ = 52.0 ≫ 1, where ω ⊥ ≡ ω x ω y and m is the atom mass. The number of atoms per spin state N varied between 210 and 930. This gives the ideal-gas Fermi energy E F = ω ⊥ √ 2N = (0.39-0.83) ω z . From the pressure measurements the chemical potential range is estimated as µ = (0.12-0.72) ω z with the lowest and highest values obtained in the Bose and Fermi regime respectively. When interactions are weak, only the ground state for the motion along z is occupied both on the Fermi and Bose asymptotes. The s-wave interactions are controlled by external magnetic filed B, using a broad Fano-Feshbach resonance, which in 3D system lies at B = 834 G [21] .
While the particles interact via 3D potentials, twobody interactions may be mapped onto scattering by a purely 2D potential [22] . The scattering length a 2 , which appear in the corresponding 2D problem, may be found by equating the scattering amplitude of a purely 2D potential
to the scattering amplitude of atoms in the lowest state of potential mω 2 z z 2 /2:
Here γ E ≃ 0.577 is Euler's constant, a is the 3D scattering length, l z = /2mω z is the size of the harmonicoscillator ground state, q = √ 2µm is the relative momentum of 2 colliding atoms, and w(ξ) is defined in [22] and [23] , where we also review alternative ways to set up the corresponding purely 2D problem and calculate a 2 .
The interaction parameter of the many-body system is chosen in the form a 2 √ n 2 , which is the ratio of the scattering spatial scale to the mean interparticle distance. For a 2 √ n 2 ≫ 1 the system is fermionic because the Fermi pressure dominates over the interactions. For a 2 √ n 2 ≪ 1 the system consists of tightly bound bosonic molecules.
The main result is the experimental data of Fig. 1 : The local pressure P 2 in the cloud center is measured for a wide range of the interaction parameter values and expressed in units of the pressure of an ideal Fermi gas with the same density n 2 , P 2 ideal = n 2 ε F /2, where ε F = 2πn 2 2 /m is the local Fermi energy in the center. The apparatus is generally described in [13, 25] . A series of pancake-shaped potentials is formed by anti-nodes of a standing wave, which creates potential V ( ρ, z) = [11] . Dashed curve: model [24] of a homogeneous Fermi liquid at T = 0. The vertical dash-dotted line separates data into two regions: a2 < lz on the left, and a2 > lz on the right. See [23] for detailed numerical data.
of each well the potential is close to harmonic with ω z = 2 √ sE r / chosen in the range ω z /2π = 2.28-13.7 kHz corresponding to s = 15.0-538 and trap depth (1.9-11.6) ω z ; ω y /ω x = 1.51. The frequencies ω x , ω y are known within ±2%, and ω z is know within ±1%. They are found from the trap parametric resonances at B = 528 G where the gas is noninteracting. The anharmonicity in the x and y directions is accounted for by comparing excitation spectrum to exact calculations of an ideal gas dynamics, while ω z is found by comparing resonant frequency to the splitting between Bloch bands.
About 100 adjacent traps are loaded. These flat clouds are imaged from a side, along the y direction, which effectively integrates the density giving linear distribution n 1 (x) = n 2 ( ρ) dy. We average n 1 (x) over the central 15-30 nearly identical clouds. Prior to imaging, the potential is turned off and the gas expands for the time ≃ 6/ω z . This eliminates the imaging error due to diffraction on thin clouds. Since this expansion time is 0.09/ω x ≪ 1/ω x , the imaging is nearly in situ for the transverse direction, which expands just by 0.4%. On the Bose side of the Feshbach resonance, the images are corrected for the invisible part of the molecular wavefunction. For example at B = 730 G we find that the invisible part is 16 ± 3% of the total density. Profiles n 1 (x), as in Fig. 2a , are the starting point of the data analysis in the pressure and density measurement. 
FIG. 2. a) Linear density profile n1(x), no noise filtering applied. Dots are the data. Solid and dashed curves are the fits by Thomas-Fermi and Gaussian distribution respectively. The Gaussian fit is off which proves deep degeneracy. b) Surface density n2(ρ) derived from noise-filtered n1(x). Dots are the data. Curve is the fit of a parabola to the data, which yields the central density n2.
The temperature in the weakly-interacting Fermi regime, a 2 √ n 2 > 4.5, for different experimental outcomes is evenly distributed in range T = (0.04-0.12)E F . The temperatures are found by fitting the Thomas-Fermi distributions of the 2D ideal Fermi gas to n 1 (x), as shown in Fig. 2a [13] . In each measurement the confidence interval is about ±0.04 E F . Temperature is local units ε F is also known because ε F ≃ E F in this regime.
In the strongly interacting regime, 0.26 a 2 √ n 2 3.2, quantitative thermometry is presently unavailable. To show that the gas is cold and close to the ground state, we act along the lines of the empirical thermometry [26] . Density profiles resemble those of the ideal Fermi gas: For the lowest temperatures the edges are sharp while as T increases, the shape transforms into a Gaussian. By fitting the ideal Fermi gas profile to the data n 1 (x), we find the empirical temperature parameter in range (T /E F ) fit = 0.06-0.14 indicating closeness to the ground state.
In the Bose regime, a 2 √ n 2 0.21, the temperature is measured by fitting the bimodal distribution to n 1 (x), which consistently gives T 0.53 T cr , where T cr = E F √ 3/π is the onset of condensation of a harmonically trapped ideal 2D Bose gas. This procedure may overestimate the temperature [27] . To find T in the local units of ε F , we note that E F /ε F = P 2 /P 2 ideal . Combining this with the asymptote P 2 /P 2 ideal = 0.12 a/l z seen in Fig. 3 , we obtain the upper bound T /ε F < 0.1 a/l z .
The local pressure is measured from the force balance equation
Integrating, one may find the central pressure up to the quartic term in the transverse potential
The local density n 2 ( ρ), needed for calculating P 2 ideal , is found performing noise filtering of n 1 (x) and then the inverse Abel transform adjusted for elliptic clouds [23] . In Fig. 2b one may see the planar density distribution in stretched coordinates ρ = (x, y ω y /ω x ), in which the clouds are cylindrically symmetric. About 260 measurements of the pressure and density have been made for a 2 √ n 2 = 0.00054-47. The value a 2 is varied by changing the magnetic field and trap depth. Among the measurements at the same B and l z , outcomes with close a 2 √ n 2 values are grouped together.
For each group, the mean and the confidence intervals are reported on Figs. 1 and 3.
In the Fermi region a 2 √ n 2 ≫ 1 the ratio P 2 /P 2 ideal is approaching unity as expected (Fig. 1) . The system is likely a Fermi liquid because the pairing gap is closed due to small but finite temperature. Indeed, weakly attractive Fermi gas model [28] predicts that at T = 0.08 ε F the gap is absent for a 2 √ n 2 0.54. For a 2 √ n 2 > 4.5, the pressure on average is 14% above the prediction for a homogeneous 2D Fermi liquid [24] . Neither unaccounted population of excited states for the motion along z nor pairing gap would explain higher pressure because these effects may only reduce P 2 /P 2 ideal . Finite temperature cannot be the reason either because the ideal Fermi gas model predicts pressure increase by only 2% above the T = 0 value. We attribute this high pressure to mesoscopic character of the system for these a 2 values. Whenever a 2 is larger than the rms cloud size ρ 2 , the interaction is effectively suppressed, which tunes the gas closer to noninteracting. In the Fermi regime, at the cloud center a 2 / ρ 2 ≃ a 2 √ n 2 1.5π/N . For N = 500, a 2 √ n 2 = 10 is the crossover point between the locally homogeneous and mesoscopic regimes. According to this criterion, in [17] the system is mesoscopic for the weakest interactions but one-particle excitations are found to agree with a model of a finite-temperature locallyhomogeneous Fermi liquid, which contradicts our pressure measurements.
As the system becomes more bosonic, the ratio P 2 /P 2 ideal decreases following qualitative expectations. In the Bose regime a 2 √ n 2 ≪ 1, we find scaling P 2 /P 2 ideal ∝ a/l z as seen in Fig. 3 , where additional data is also shown in the deep Bose regime a 2 √ n 2 < 0.01.
For a, a 2 ≪ l z this scaling has been expected because the 2-body interactions in this regime are effectively 3D while the kinematics is 2D. The chemical potential of point-like molecular bosons is 2µ = √ 2π 2 m a mol lz n 2 [22] , where a mol = 0.6 a is the 3D molecule-molecule scattering length [29] . This prediction is shown in Fig. 3 by the horizontal dashed line. The model has been derived in approximation a mol /l z ≪ 2/π. Unexpectedly, the data agrees with the model up to a mol /l z = 1.34 (a 2 √ n 2 = 0.33). The agreement partially extends into the stronglyinteracting region, where the picture of point-like bosons is invalid. For the regime of strong interactions a 2 √ n 2 ∼ 1, in Fig. 1 one may compare the pressure to the prediction of zero-temperature Monte Carlo model [11] for a uniform gas with 2D atom-atom interactions. The slope of the data is steeper. Contrary to our findings, measurements of the cloud size [18] in the strongly-interacting regime are reported to quantitatively agree with the Monte Carlo results [11] . If the data of Fig. 1 is plotted using the definition of a 2 adopted in [18] , the pressure lies systematically below the Monte Carlo curve in most of the strong-interaction region (Fig. 5 of [23] ). In [18] , the system might be significantly away from the ground state: Unlike here in Fig. 2a , images of trapped cloud in [18] do not show the sharp edge.
In the fermionic strongly-and weakly-interacting regimes of our experiment, the chemical potential µ is lesser than but comparable to ω z . The chemical potential is estimated as µ = E F P 2 /P 2 ideal under assumption µ ∝ n 2 . To see whether the closeness of µ to the excited state matters, we have done measurements with different number of atoms as indicated by color coding in Figs. 1 and 3 . Within current precision, there is no dependence on N or E F / ω z . We also rule out two possible sources for the excited state population: (i) there are no thermal excitations [13] ; (ii) for 2-fermion collisions, scattering into the upper states of motion along z is prohibited by energy and parity conservation because the collision kinetic energy 2µ is < 2 ω z . By ruling out simplest reasons of the excited state population, we do not exclude such population completely because it may be induced by strong interactions. Therefore, we refer to our system as "quasi-2D" rather than "2D". Interestingly, most of cuprate superconductors are not purely 2D systems either because of interlayer hopping of electrons [2] . The pressure measurements may be used for sensitive testing of many-body theories including the question of applicability of purely 2D models in strongly interacting systems.
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SUPPLEMENTAL MATERIALS Linear and planar density distributions
The absorption imaging technique is employed: The gas is irradiated by a 4 µs pulse of a uniform laser beam resonant to a cycling two-level transition for one of the two spin states at the wavelength of 671 nm. The intensity is 1.4-1.5 mW/cm 2 = (0.55-0.59)I sat , where I sat = 2.54 mW/cm 2 is the saturation intensity. The shadow, which the atoms make in the imaging beam, is projected and recorded on a CCD camera. From the shadow, we reconstruct the column density distributioñ n 2 (x, z) [13, 25] . The linear density profiles, as in Fig. 2a , are obtained by averaging over the central M = 15-30 nearly identical clouds:
The resolution defined as the radius of the point spread function is 1.9-2.9 µm depending on the y size of the cloud. One pixel corresponds to a 1.7×1.7 µm 2 area at the atom location.
The planar density n 2 ( ρ), which is needed for calculating P 2 ideal , may be obtained from n 1 (x) by means of the inverse Abel transform. Prior to the transform, noise in n 1 (x) with spatial period smaller than 0.4 of the apparent Thomas-Fermi radius is filtered out. Such filtering leaves the apparent temperatures nearly unchanged. Since the original Abel transform is for cylindrical objects while the clouds are elliptic (ω y /ω x = 1.51), we stretch the y coordinate y →ỹ ≡ y ω y /ω x . Then the inverse Abel transform is applied as
whereρ ≡ x 2 +ỹ 2 . Example of the resulting distribution n 2 (ρ) is shown in Fig. 2b derived from the data of Fig. 2a . To find the density at the origin we fit the data n 2 (ρ) by a parabola within ≃ 75% of the apparent Thomas-Fermi radius.
To understand the reason for and consequences of applying the high-frequency noise filter to n 1 (x) consider n 2 (ρ) of Fig. 4 obtained from the same n 1 (x) (Fig. 2a) without noise filtering. The noise is largest near the origin n 2 (ρ) because the integrand in (3) diverges. Fig. 4 is among the least noisy. In different experiments, the rms noise on n 1 (x) is typically 3% of n 1 (0) and nearly always within 1.5-4%. If high-frequency noise in n 1 (x) is unfiltered, the rms noise in n 2 (ρ) would be 10-30% of the central density n 2 , when calculated forρ within 75% of the apparent Thomas-Fermi radius. Modeling shows that such noise in n 2 (ρ) would yield a quite high 5-16% standard error in n 2 , when n 2 is determined from the parabolic fit. Prefiltering of n 1 (x) reduces the error significantly. For example, modeling predicts reduction of the standard error in n 2 down to 1.2-4.4%. 
Different ways to determine a2
We find a 2 by matching 2-body scattering problem in 2D space and in tight harmonic potential along z. The value of a 2 is calculated by equating scattering amplitudes f 2D (q) = f (q) [Eqs. (1) and (2)], where w(ξ) is defined as in [22] 
which is used in [18] . In Fig. 5 , we replot our pressure data using definition (5) of a 2 through out all regimes.
One may see, that the pressure systematically lies below the Monte Carlo simulation [11] in the most of the stronginteraction region. Alternatively a 2 may be determined from the bound state energy using E bound = −4 2 /me 2γE a 2 2 . The energy comes from equation [10] 
For comparison, in Fig. 5 we have drawn our data using this a 2 calibration as well. This option of defining a 2 was used in [14, 17] up to a constant factor ≃ 1.
In the Fermi regime the approaches based on eqs. (5) and (6) give nearly identical a 2 calibration which differ from the approach adopted by us because the latter accounts for finite kinetic energy of colliding particles. In the Bose regime, our approach based on the scattering amplitudes and the binding-energy approach give ordersof-magnitude difference in a 2 as seen in Fig. 5 . [18] . Green dots: a2 defined from the bound state energy and eq. (6) similar to [14, 17] . Solid red curve: smooth approximation of Monte Carlo simulations for a purely 2D system [11] . Dashed curve: Fermi-liquid theory for T = 0 [24] .
T /ε F in each repetition 0.000542±1.5e-05
